We examined the impact of hypertension and microalbuminuria on insulin sensitivity in patients with Type 2 (non-insttlin-dependent) diabetes mellitus using the euglycaemic insulin clamp technique in 52 Type 2 diabetic patients and in 19 healthy control subjects. Twenty-five diabetic patients had hypertension and 19 had microalbuminuria. Hypertension per se was associated with a 27 % reduction in the rate of total glucose metabolism and a 40 % reduction in the rate of non-oxidative glucose metabolism compared with normotensive Type 2 diabetic patients (both p < 0.001). Glucose metabolism was also impaired in normotensive microalbuminuric patients compared with normotensive normoalbuminuric patients (29.4 + 2.2 vs 40.5 + 2.8 gmol. kg lean body mass -1. min-t; p = 0.012), primarily due to a reduction in non-oxidative glucose metabolism (12.7+2.9 vs 21.1+2.6btmol.kg lean body mass 1. min-1;p = 0.06). In a factorial ANOVA design, however, only hypertension (p = 0.008) and the combination of hypertension and microalbuminuria (p = 0.030) were significantly associated with the rate of glucose metabolism. The highest triglyceride and lowest HDL cholesterol concentrations were observed in Type 2 diabetic patients with both hypertension and microalbuminuria. Of note, glucose metabolism was indistinguishable from that in control subjects in Type 2 diabetic patients without hypertension and microalbuminuria (40.5 + 2.8 vs 44.4_+ 2.8 gmol. kg lean body mass -1. rain 1). We conclude that insulin resistance in Type 2 diabetes is predominantly associated with either hypertension or microalbuminuria or with both.
Insulin resistance has been considered a constant feature of both Type 2 (non-insulin-dependent) diabetes mellitus [1] [2] [3] and hypertension [4] and non-obese hypertensive Type 2 diabetic patients have been considered more insulin resistant than normotensive diabetic patients [5] . Microalbuminutia, i.e. overnight urinary albumin excretion rate (AER) above 20 btg/min predicts overt diabetic nephropathy in both patients with Type 1 (insulin-dependent) [6, 7] and Type 2 diabetes [8] . In addition, microalbuminuria is associated with increased cardiovascular mortality in patients with Type 2 diabetes [9, 10] . Only a small proportion of this excess cardiovascular mortality in Type 2 diabetes can be explained by end-stage renal failure. The causal relationship between microalbuminuria and cardiovascular disease is, however, unknown. Microalbuminuria is associated with hypertension and dyslipidaemia [11, 12] , i, e. high VLDL triglycerides and low HDL cholesterol in Type 2 diabetic patients. The combination of Type 2 diabetes with obesity, hypertension and the above-mentioned dyslipidaemia has been called an insulin resistance syndrome since insulin resistance has been considered the common denominator of these abnormalities [2] . There is, however, no information available on whether microalbuminuria is associated with insulin resistance, nor are there any quantitative data on the impact of hypertension, microaJbuminuria, or both, on insulin sensitivity in patients with Type 2 diabetes. Given these potential connections between insulin resistance, hypertension and microalbuminuria, the present studywas designed to examine the impact of hypertension and microalbuminuria on insulin sensitivity in patients with Type 2 diabetes.
Subjects and methods

Subjects"
Three groups of subjects were studied: a) 19 Type 2 diabetic patients with mieroalbuminuria (MA +), albumin excretion rate (AER > 20 gg/min in at least two of three overnight urine specimens) and b) 33 Type 2 diabetic patients with normoalbuminuria (MA-) (AER < 20 gg/min), and c) 19 healthy subjects with normal AER and normal blood pressure. The patients were recntited from the outpatient clinic, and all microalbuminuric Type 2 diabetic patients eligible were included in the study. Microalbuminuria had been present for at least one year. Hypertension was defined as the presence of blood pressure above 160/95 mmHg or the use of known treatment for hypertension. Ten microalbuminuric (53 %) and 15 (46 % ) normoalbuminuric patients had been treated for hypertension for at least 3 years. The proportion of hypertensive patients receiving beta-adrenergic blocking agents (39 % and 44 %) and diuretics (33 % and 22 %) did not differ between microalbmninuric and normoalbuminuric patients. None of the normotensive patients or control subjects received beta-blocking agents or diuretics. All diabetic patients were treated with sulphonylurea or metformin or both. Treatment with sulplionylurea was stopped 3 days and treatment with metformin 7 days before examination. The clinical characteristics of diabetic and control subjects are shown in Table 1 . The Type 2 diabetic patients were further divided into sub-groups based upon whether they had microalbuminuria or hypertension, or both ( Table 2 ). All subjects gave their informed consent before participaring in the study. The study protocol was approved by the local ethics committee.
Experimental design
All subjects participated in the following experiments: 1) a 2-h euglycaemic hyperinsulinaemic clamp with indirect calorimetry and infusion of [3H-3]-glucose, 2) measurement of lean body mass with the [14] . The clamp was started at 07.30 hours after a 12 h overnight fast. After obtaining three basal samples for glucose and insulin measurements, a primed constant infusion of short-acting human insulin (Actrapid Human; Novo Industri, Copenhagen, Denmark) was administered at a rate of 340 pmol/m 2. min. The plasma glucose concentration was determined at 5-min intervals and a variable infusion of 20 % of glucose was adjusted to maintain the plasma glucose concentration constant. No glucose was infused until plasma glucose had declined to 5.5 mmol/1. The clamps were applied for 120 rain in the control subjects and for 141 + 4 min in the Type 2 diabetic patients. The mean (+ SD) plasma glucose concentration achieved during the last 60 min of the clamp in Type 2 diabetic and control subjects were 5.6 + 0.7 mmol/1 and 5.2 + 0.4 mmol/1, respectively, with a coefficient of variation of 4.2 %. The corresponding serum insulin concentrations during the clamp in Type 2 diabetic patients and control subjects were 604+146pmoi/I and 559• 113 pmol/1, respectively, with a coefficient of variation of 7.4 %.
At unchanged plasma glucose concentration, the amount of glucose required to maintain euglycaemia equals whole-body glucose disposal, provided that there is no entry of glucose from the liver. Hepatic glucose production was measured by the isotope dilution technique using [3H-3]-glucose (Amersham Inc, Amersham, Bucks, UK) administered as a primed (25 gCi; this dose was increased if the fasting plasma glucose was elevated) -constant (0.25 gCi/min) infusion for 150 min before the clamp and continued throughout the experiment. Blood samples for determination of insulin and [3H-3]-glucose specific activity were obtained in the basal state and at 15-rain intervals throughout the insulin clamp.
Indirect calorimetry was employed in the basal state and during the last 60 min of the insulin clamp to estimate net rates of glucose and lipid oxidation [14] . A computerized, open-circuit system was used to measure gas exchange through a transparent plastic canopy (Deltatrac; Datex, Helsinki, Finland). The monitor has a precision of 2.5 % for oxygen consumption and of 1.0% for carbon dioxide production. Protein oxidation was calculated from the urinary nitrogen excretion obtained before and during the insulin clamp and corrected for changes in urea clearance.
Lean body mass was determined with the tritiated water technique [15] . AER was measured from urine samples collected during three different nights.
Beta-cell function was assessed by measuring serum C-peptide concentrations before and 6 min after the i.v. injection of 1 mg of glucagon.
Assays
The plasma glucose concentration was measured by the glucose oxidase method on a Beckman Glucose Analyzer II (Beckman Instruments, Fullerton, Calif., USA). Glycated haemoglobin concentration in the blood was measured by high pressure liquid chromatography (normal range = 4--6 %). Plasma insulin was measured by a double-antibody radioimmunoassay (Pharmacia, Uppsala, Sweden). The sensitivity of the insulin assay was 15 pmol/1 and the inter-assay coefficient of variation was 5 %. C-peptide concentration was measured by radioimmunoassay, with a sensitivity of 0.02 nmol/1 and inter-assay coefficient of variation of 5.7 %. [3H-3]glucose specific activity was measured in duplicate on supernatants of 1 mol perchloric acid extract of plasma samples, after evaporation of radiolabelled water. Urinary albumin concentration was measured by a nephelometric method [16] . The sensitivity of the albumin assay was 5 rag/1 and the inter-assay coefficient of variation 6.9 %. Serum total cholesterol, HDL cholesterol and triglyceride concentrations were measured by enzymatic assays (Boehringer Mannheim, Mannlaeim, FRG).
Calculations
Basal hepatic glucose production was calculated by dividing the infusion rate of [3-3H] glucose by the steady-state plateau of [3-3H] glucose specific activity during the last 30 min of the baseline tracer-infusion period. After administration of insulin and glucose anon-steady-state condition in glucose specific activity exists, and the rate of glucose appearance was calculated by a non-steady-state equation [17] . This modelis known to produce negative estimates of hepatic glucose production at high rates of glucose infusion. Such negative rates of glucose production were observed during the last 60 min of the clamp in the control subjects but only rarely in the diabetic subjects. The infusion rate of cold glucose was integrated over 20-minintervals and subtracted from the total rate of glucose appearance to obtain the hepatic glucose production rate. Total body glucose metabofism was calculated by adding the mean rate of hepatic glucose production (if a positive number) during the last 60 min of the insulin damp to the mean glucose infusion rate during the same period. Non-oxidative glucose metabolism (mainly storage of glucose as glycogen) [18] was calculated as the differencebetween total body glucose uptake and glucose oxidation, as determined by indirect calorimetry. The constants to calculate glucose, lipid and protein oxidation rates from gas exchange data have been published previously [14] . 7b convert the rate of lipid oxidation to molar units, the values were divided by the molecular weight of a standard triglyceride (861) and multiplied by 3, i.e. the number of non-esterified fatty acid/triglyceride.
Total body water was calculated from steady-state kinetic data assuming that 1 ml of plasma contains 93 % water [15] .
Statistical analysis
Values are expressed as means + SEM. The significance of difference between group means was tested by analysis of covariance using HbA~0 as covariate. The separate effect of either hypertension or microalbuminuria, or of both, on rates of glucose metabolism was further tested by factorial analysis of variance (ANOVA). The relationship between variables was tested with linear regression analysis.
Results
The clinical and metabolic characteristics of Type 2 diabetic patients and control subjects are shown in Table 1 . Insulin-stimulated glucose metabolism was reduced by 36 % in diabetic patients compared with healthy control subjects (p < 0.001). The diabetic patients with hypertension showed a 27 % impairment in their total glucose metabolism (27.0 + 1.3 vs 36.6 + 2.2 gmol-kg LBM-l.min-1; p <0.001) and a 40% reduction in the rate of non-oxidative glucose metabolism (9.9 + 1.5 vs 16.2+ 1.7 gmol.kg LBM-~-min -1) compared with normotensive Type 2 diabetic patients (both p <0.00!). Among normotensive Type2 diabetic patients, the presence of microalbuminuria was associated with a further impairment in glucose metabolism compared with patients with normal albumin excretion rate (29.4 + 2.2 vs 40.5+2.8 ~tmol.kg LBM-l.min -1) (p=0.012) (Fig.l) . The reduction in glucose metabolism in these patients was almost exclusively due to a reduction in the rate of nonoxidative glucose metabofism 12.7_+2.9 vs 21.1_+2.6 gmol.kg LBM-l-min-1; p = 0.06 vs normoalbuminuric normotensive patients), since the rates of insulin-stimulated glucose oxidation were virtually similar in the two groups (17.0 + 0.9 vs 18.8 + 1.2 gmol. kg LBM-1. min-1). Rates of total and non-oxidative glucose metabolism did not significantly differ between Type 2 diabetic patients without hypertension and microalbuminuria and control subjects. To circumvent the problem with uncertain estimates of hepatic glucose production during the insulin clamp, the actual glucose infusion rates are also given in Table 3 . As can be seen, glucose disposal rates are very similar if the actual glucose infusion rates are used as if glucose disposal is expressed as glucose infusion rate plus residual hepatic glucose production (HGP). The microalbuminuric hypertensive and microalbuminuric normotensive patients showed higher triglyceride and lower HDL cholesterol concentrations than normotensive normoalbuminuric patients (p<0.01 and p < 0.001) ( Table 3 ). There was, however, no significant difference in plasma NEFA concentrations or the rate of lipid oxidation, either in the basal state or during the euglycaemic clamp between the two groups (Table 3 ). In addition, these patients also showed slightly higher fasting insulin (p = 0.06) and C-peptide and postglucagon C-peptide (p < 0.1) concentrations than normotensive patients with normal AER.
In a factorial ANOVA design, hypertension but not microalbuminuria was significantly associated with low HDL cholesterol (p =0.014) and high fasting insulin (p = 0.0049) concentrations.
Discussion
Insulin resistance has been considered a characteristic feature of both hypertension and Type 2 diabetes [1] [2] [3] [4] [5] 19] , and the hypertensive Type 2 diabetic patients of the current study showed a more severe defect in their glucose metabolism than normotensive patients. In contrast to a previous study [5] this reduction was unrelated to the body mass index of the patients. The present study also provides evidence that insulin resistance is related to microalbuminuria in Type 2 diabetic patients. The impairment in glucose metabolism was confined to the non-oxidative pathway, which primarily reflects glycogen formation in skeletal muscle [18] . In addition, the combination of microalbuminuria and hypertension was associated with a clustering of other abnormalities characteristic of the in-sulin resistance syndrome, i. e. hypertriglyceridaemia, low HDL cholesterol and elevated insulin concentrations. These patients also presented with the most severe defect in glucose metabolism, indicating that insulin resistance could be a common denominator for these disturbances.
What could explain the association between insulin resistance and microalbuminuria? Insulin resistance generally leads to hyperinsulinaemia, which is considered necessary to compensate for the reduction in insulin action. The observed abnormalities could therefore, in part, be the consequence of chronic hyperinsulinaemia. Hyperinsulinaemia was observed in both groups of hypertensive patients but not in the normotensive microalbuminuric patients.
Of course, insulin resistance could only be a reflection of the coexisting hypertension and its treatment. Although hypertension was associated with a marked reduction in glucose metabolism, there are some data to suggest that microalbuminuria per se was associated with insulin resistance. First, microalbuminuric patients without hypertension were more insulin resistant than normoalbuminuric patients without hypertension. Second, the rate of insulin-stimulated glucose metabolism correlated inversely with AER (R = -0.33;p = 0.02). Third, we have also observed insulin resistance in non-diabetic firstdegree relatives of patients with Type 2 diabetes [20] . In these subjects the rate of glucose disposal showed a strong inverse correlation with AER. It could still be argued that insulin resistance was the consequence of the concomitant treatment with beta-blocking agents and diuretics. This is unlikely, since rates of glucose disposal were similar in hypertensive patients receiving and not receiving the drugs. Although these drugs have been shown to impair insulin sensitivity in normal subjects [21, 22] , their negative effect on insulin sensitivity may be minor in severely insulin-resistant Type 2 diabetic patients. In keeping with this view, treatment with beta-blocking agents and thiazides was not associated with an increased risk of Type 2 diabetes in insulin-resistant Mexican Americans [23] .
Microalbuminuria has been considered as a marker of vascular dysfunction [10, 11, 24] , and associated with an increased transcapiUary escape rate of albumin [25, 26] . Microalbuminuria has also been considered an independent risk factor for cardiovascular disease [9] [10] [11] 27] . Type 2 diabetic patients with microalbuminuria have elevated levels ofvon Willebrand factor (vWF) as a sign of endothelial dysfunction [24] . Interestingly, microalbuminuria was associatedwith an increased risk of cardiovascular disease only in patients with elevated plasma concentrations of vWF [24] . The risk was further modified by the HDL cholesterol concentration. In the present study patients with hypertension and microalbuminuria presented with the lowest HDL cholesterol concentration suggesting that they are at increased risk of cardiovascular disease.
The role of hypertension in this scenario deserves some comments. Essential hypertension per se does not seem to increase the transcapillary escape rate of albumin as in Type 1 diabetic patients with essential hypertension and normal AER, this rate is normal. However, in Type 1 diabetic patients with incipient nephropathy the same elevation in blood pressure and an elevated AER is asso-ciated with an increased transcapillary escape rate of albumin. It should be kept in mind that patients classified as normotensive by conventional blood pressure methods, may show elevated blood pressure values during 24-h blood pressure monitoring. Could insulin resistance lead to vascular dysfunction without invoking hypertension? Insulin resistance has also been described in association with microalbuminuria in normotensive Type 1 diabetic patients. These patients were further characterized by increased sodium-lithium countertransport activity [28, 29] . An inverse relationship was also found between sodiumlithium countertransport activity and insulin-mediated glucose disposal [29] . Increased sodium-lithium countertransport activity could also be the consequence of altered ion exchange across the cell membrane as a result of resistance to the action of insulin. An association between the lipid content of the skeletal muscle cell membrane and the degree of insulin resistance was recently reported in patients with Type 2 diabetes [30] . Alternatively, impaired insulin action could also lead to, or be the consequence of, changes in intracellular calcium and magnesium metabolism [31] . Finally, if sodium proton exchange is increased in insulin resistant individuals in the same way as sodium lithium countertransport, this could lead to sodium retention and impaired transport functions in an expanded sodium pool.
A striking finding was that Type 2 diabetic patients without hypertension and microalbuminuria presented with nearly normal rates of total (40.9 + 2.8 vs 44.4 + 2.8 gmol. kg LBM-1. min-1; p = NS) and non-oxidative (21.1 +2.6 vs 23.6+2.8 gmol.kg LBM-l.min-1; p =NS) glucose metabolism compared with the healthy control subjects. In addition, their serum lipids were in the same range as observed in the healthy control subjects. The question thus arises, whether these patients represent another form of Type 2 diabetes, in whom insulin deficiency contributes more to the development of hyperglycaemia than insulin resistance. In support of this, the postglucagon C-peptide concentrations tended to be lower in the patients with normal than in the patients with elevated blood pressure (0.76 + 0.07 vs 1.0 + 0.11 nmol/1; p < 0.1). A final answer to this question must await appropriate measurements of insulin secretion at matched levels of glycaemia in the patients.
It is, however, obvious that a majority of Type 2 diabetic patients, who display the fullblown picture of the insulin resistance syndrome, i. e. obesity, hypertension and dyslipidaemia demonstrate a marked reduction in skeletal muscle glucose metabolism. Hypertension or microalbuminuria, or both, therefore seem to be markers, which help to subdivide patients with Type 2 diabetes in those with and without insulin resistance. Similar data of near normal glucose metabolism in normotensive Type 2 diabetic patients with normal AER were recently presented in a preliminary report by Solini et al. [32] . Arner et al. [33] also reported normal insulin sensitivity but impaired beta-cell function in non-obese Type 2 diabetic patients.
Taken together, the data indicate that insulin resistance in patients with Type 2 diabetes is primarily confined to those with either hypertension or microalbuminuria or both. The combination of microalbuminuria and hypertension is associated with a clustering of other cardiovascular risk factors such as high triglycerides and low HDL cholesterol concentrations. In contrast, Type 2 diabetic patients with normal blood pressure and normal AER present with nearly normal rates of glucose metabolism. The data thus challenge the view that insulin resistance is an ubiquitous phenomenon in Type 2 diabetes.
